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ABSTRACT 


This  paper  analyzes  the  Impact  dispersion  of  a ballistic 
reentry  vehicle  caused  by  the  transitory  lift  and  drag  compo- 
nents encountered  during  the  brief  altitude  regime  where  the 
vehicle's  boundary  layer  is  changing  from  laminar  to  turbulent 
behavior.  A simple  physical  model  of  the  phenomenon  is  devel- 
oped using  adjustable  parameters  since  the  basic  aerothermal 
materials  physics  is  poorly  understood.  The  adjustable  param- 
eters are  identifiable  with  physical  assumptions  and  one  result 
is  to  focus  attention  on  the  nature  of  these  assumptions  in 
order  to  guide  further  theoretical  and  experimental  work  which 
can  develop  a better  understanding  of  the  phenomenon*  particu- 
larly its  impact  on  materials  and  structures  technology. 

Under  the  assumptions  made,  numerical  estimates  are  made 
of  the  boundary  layer  transition  dispersion  for  a practical 
range  of  vehicle  and  trajectory  parameters,  and  then  compared 
with  contributions  from  density,  wind  velocity,  and  drag  varia- 
tions and  from  the  roll-through-zero  effect.  The  boundary 
layer  effects  are  found  to  be  too  large  to  be  ignored  and  fur- 
ther studies  are  needed  to  bound  the  behavior. 

Additional  studies  of  the  Materials  and  Structures  Tech- 
nology Base  Programs  related  to  reentry  vehicle  mission  require- 
ments will  be  made  in  a subsequent  paper. 
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SUMMARY 


A.  PURPOSE  AND  SCOPE 

The  Office  of  the  Deputy  Director  (Research  and  Advanced 
Technology),  ODDR&E,  has,  under  DARPA  Task  Order  T-106,  re- 
quested the  Institute  for  Defense  Analyses  to  carry  out  a study 
of  the  Materials  and  Structures  Technology  Base  Programs. 

The  present  paper  is  a partial  input  to  that  portion  of 
this  study  pertaining  to  the  overall  ballistic  missile  reentry 
vehicle  (RV)  mission  requirements.  A more  complete  study  of 
the  tradeoffs  between  stated  RV  mission  requirements  and  mate- 
rials/structures capabilities  and  propertle.  , together  with  an 
assessment  of  the  scopes  and  efforts  of  the  present  Technology 
Base  Programs,  will  be  presented  in  a subsequent  report.  Before 
such  a study  can  become  meaningful,  however,  the  various  effects 
that  can  contribute  to  the  diminished  success  of  an  RV  mission 
should  be  known  in  as  quantitative  a manner  as  possible.  One 
effect,  which  could  make  a significant  contribution  to  the  RV 
impact  dispersion  from  the  target,  involves  the  forces  (particu- 
larly the  asymmetric  forces)  induced  on  the  RV  by  the  boundary 
layer  transition  (BLT)  dynamics  during  the  altitude  interval 
where  laminar  flow  be-somes  turbulent  over  the  RV  surface. 

The  purpose  of  the  present  paper  is  to  analyze  the  potential 
contribution  of  the  BLT  effects  to  the  inaccuracy  of  the  RV  bal- 
listic trajectory,  and  to  make  quantitative  comparisons  with 
other  effects,  in  clear  air  and  in  the  absence  of  hostile 
defensive  action.  Although  the  results  necessarily  contain 
uncertainties  due  to  the  lack  of  a thorough  basic  understand- 
ing of  the  phenomenon  itself,  or  (more  precisely)  its  dynamic 
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behavior  ae  affected  by  the  RV  materials  and  flight  parameters, 
this  analysis  Is  a first  attempt  to  put  the  BLT  effects  on  vehi- 
cle performance  Into  a simplified  mathematical  framework  that 
can  highlight  the  Importance  of  the  various  parameters  and  thus 
guide  future  R&D  on  materials  and  structures  for  RVs. 

B.  METHOD  OF  ANALYSIS 

Because  the  various  BLT  phenomena  are  complex  and  poorly 
understood,  certain  assumptions  must  be  made.  One  is  the  width 
of  the  altitude  layer  in  which  occur  the  transition  and  the 
associated  transitory  increments  of  drag  and  lift.  The  layer 
width  can  be  deduced,  within  reasonable  bounds,  by  flight  and 
ground-facility  tests.  The  induced  aerodynamic  effects,  particu- 
larly the  incremental  lift,  are  more  difficult  to  estimate.  In 
tho  analysis,  the  lift  Increment  is  replaced  (together  with 
known  aerodynamic  and  geometric  characteristics)  by  the  BLT 
moment  coefficient  Increment,  whose  range  of  values  has  been 
given  in  the  literature.  This  range  is  large  in  both  flight- 
derived  and  wind  tunnel  data  (a  factor  of  10  variation  is  common) 
The  value  used  in  this  analysis  is  the  low  end  of  the  wind  tun- 
nel data,  which  corresponds  to  the  average  value  for  the  flight- 
test  estimates. 

Another,  somewhat  simplistic,  assumption  relates  to  the 
length  of  time  the  induced  asymmetric  lift  vector  remains  in 
the  plane. of  the  trajectory.  Clearly,  if  this  vector  rotated 
circumferentially  at  a greatly  different  rate  than  the  roll 
rate  of  the  vehicle,  the  effects  would  be  greatly  diminished 
and  could  become  insignificant.  Conversely,  if  it  remained 
fixed  in  the  trajectory  plane  during  the  entire  transition 
region,  the  adverse  effects  would  be  very  great.  Since  it  is 
believed  from  flight-test  analyses  that  an  appreciable  effect 
does  indeed  exist,  an  educated  estimate  was  made  for  this  factor. 
If  later  evidence  should  indicate  a change  in  the  numerical 
estimate,  a simple  means  is  presented  to  scale  the  results 
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appropriately.  In  any  case,  the  need  Is  obviou:;  for  further 
study  to  better  understand  the  dynamic  Interplay  between  mate- 
rial roughening  and  shape  change,  the  vehicle  aerothermal  and 
aerodynamic  factors,  and  the  transition  edge  motion  on  the 
vehicle  surface. 

It  should  be  pointed  out  that  the  above  assumption,  that 
the  BLT-lnduced  lift  vector  stays  for  an  appreciable  time  in 
the  trajectory  plane.  Implies  a worst-case  analysis,  since  all 
the  dispersion  will  be  up-  or  down-range.  In  general,  this  lift 
plane  will  lie  between  the  down-  and  cross-range  directions  and 
its  contribution  to  CEP  will  be  less  than  the  worst  case.  The 
method  for  handling  this  more  general  behavior  Is  shown,  but  the 
calculations  are  only  made  for  the  worst  case. 

The  method  of  analysis  uses  an  adaptation  of  the  equations 
of  Glover  and  Hagan  (Ref.  6)  with  which  they  analyzed  the  roll- 
through-zero  (RTZ)  dispersions.  The  final  BLT  equation  is  put 
In  a form  where  the  altitude  of  transition  is  one  of  the  Inde- 
pendent variables,  along  with  the  ballistic,  coefficient  and  the 
angle  of  reentry.  The  velocity  of  reentry,  Incidentally,  drops 
out  of  the  equation. 

The  numerical  BLT  asymmetric  dispersion  effects  (in  the 
worst-case  mode)  are  first  calculated  (in  Section  II)  for 
several  ballistic  coefficients  and  reentry  angles  as  a function 
of  the  transition  altitude.  The  values  for  two  altitudes  (45 
and  100  left)  are  then  replotted  (in  Section  III)  against  re- 
entry angles  for  three  ballistic  coefficients  (ICOO,  2000,  and 
3000  psf)  and  graphically  compared  with  the  conventional  and 
roll-through-zero  components  of  dispersion.  The  latter  two 
are  dependent  on  the  reentry  velocity  (which  BLT  effects  are 
not),  and  a velocity  of  20,000  fps  is  used  with  a varlatj.on 
spread  shown  for  16,000  and  24,000  fps  (which  shows  only  a small 
deviation).  Finally,  for  the  sake  of  completeness  and  clari.v-y, 
the  roll-through-zero  and  the  boundary  layer  transition  maximum 
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dispersions  are  plotted  In  various  ways  as  a fraction  of  the  con- 
ventional dispersion  component  (l.e.,  root-mean-square  values 
of  the  effects  of  density,  wind,  and  drag  variations). 

C.  RESULTS 
1 General  Results 

a.  For  practical  altitudes  of  Interest  (30  to  100  kft),  a 
transition  altitude  of  about  h5  kft  gives  the  maximum  BLT  dis- 
persion effect,  regardless  of  other  influences.  From  this  stand- 
point, It  is  advantageous  to  induce  transition  at  altitudes 

either  considerably  above  or  below  M5,000  ft  and,  in  fact,  the  | 

preponderance  of  present  transition  altitudes  occurs  above  this  ■ 

value.  However,  a penalty  la  paid  for  higher  transition  altl-  \ 

tudes  In  that  they  lead  to  longer  periods  of  turbulent  heat  | 

transfer.  This  has  two  undersirable  effects:  first,  and  more  | 

important,  it  causes  greater  ablation  rates  and  shear  stresses  ! 

1 

for  longer  times  and  thus  increases  the  recession  and  shape  \ 

i 

change  of  the  tip  and  heat  shield  (also  note  that  surface  I 

roughening  tends  to  greatly  enhance  the  already  high  turbulent  I 

heating  and  amplifies  the  adverse  material  effects);  second,  a | 

1 

turbulent  wake  yields  a higher  radar  signature  which  makes  the 
vehicle  easier  to  see  at  higher  altitudes.  Therefore,  there  is 
a distinct  advantage  to  maintaining  laminar  flow  well  below 
45,000  ft  for  more  reasons  than  the  BLT  effect  only.  Such  low 
transition  altitudes  have  teen  achieved  repeatedly  using  advanced 
materials  and  different  tip  designs  (see  Ref.  7). 

b.  The  BLT  maximum  dispersion  is  a strong  function  of  the 

reentry  angle,  varying  inversely  as  the  third  power  of  its  sine  : 

regardless  of  the  altitude  of  transition.  In  a qualitative  way, 
conventional  and  roll-dynamic  dispersion  behave  similarly  with  j 

reentry  angle,  although  not  as  strongly.  Thus,  from  the  view-  | 

point  of  impact  dispersion,  it  is  desirable  to  loft  the  vehicle  I 
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and  come  in  at  as  steep  a reentry  path  as  the  boost  enerj^y  will 
allow.  However,  this  will  result  In  increased  heating  rates, 
stagnation  pressures,  shear  stresses,  and  other  environmental 
factors  which  may  exceed  the  material  limits. 

c.  The  BLT  dispersion  varies  Inversely  as  the  ballistic 
coefficient  and  static  margin.  As  in  the  reentry  angle  case, 
all  the  dispersion  contributions  considered  here  quantitatively 
behave  similarly.  The  san.e  argument  follows:  from  an  Impact 

dispersion  standpoint,  the  higher  ballistic  coefficients  are 
more  desirable,  but  the  materials/structures  problems  (of 
simply  reaching  the  ground)  become  more  severe.  And  increasing 
the  static  stability  margin  Imposes  severe  weight  penalties  on 
the  RV.  Thus,  tradeoff  studies  are  necessary.  Including  the 
effects  of  particle  erosion  which  are  ignored  herein  and  will 
be  discussed  in  a follow-on  report. 

2.  Specific  Numerical  Results 

Calculations  were  made  for  a slender  sphere-cone  vehicle 
with  a 7 percent  static  margin  and  a transition-induced  asym- 
metrical moment  coefficient  of  0.001  (see  Section  B of  this 
Summary).  This  moment  coefficient  is  equivalent  to  a 0.15-deg 
trim  angle  of  attack.  The  Induced  moment  (or  lift  vector)  is 
assumed  to  act  in  the  plane  of  the  trajectory  for  half  the 
period  of  the  boundary  layer  transition  time.  The  altitude 
delta  for  transition  to  occur  is  taken  as  10  percent  of  the 
transition  altitude.  With  these  assumptions,  the  following 
results  are  obtained  (summarized  from  the  various  curves  pre- 
sented in  the  report). 

a.  Maximum  BLT  impact  dispersions  are  shown  of  the  order 
of  25-1000  ft  for  ballistic  coefficients  from  3000-1000  psf  and 
reentry  angles  from  50  to  20  deg,  respectively,  for  the  asym- 
metric modes.  The  effects  of  the  symmetric  modes  are  small 
by  comparison,  and  can  be  ignored.  This  is  to  be  compared  with 
a maximum  roll-through-zero  impact  dispersion  of  150-2000  ft 
for  the  same  range  -^f  ballistic  coefficients  and  reentry  angles. 

vlli 


1 


The  final  comparison  i.  *;ith  the  conventional  dispersion 
c(  ents,  which  range  from  35-3500  ft  for  these  extrema  of 
parameters.  To  give  an  illustrative  specific  example,  let  us 
use  a ballistic  coefficient  of  2000,  reentry  angle  of  30  deg,  and 
a reentry  velocity  of  20,000  f ps . The  rangewise  dispersion  is 
about  l8o  ft  for  the  conventional  component,  150  ft  for  maximum 
BLT,  and  550  ft  for  m c’.mum  roll-through-zero.  If  these  are 
slm.ply  added,  the  mr.  ._mum  dispersion  would  be  about  880  ft. 

Using  the  assumption  that  these  components  can  be  root-sum- 
squared,  the  maximum  dispersion  would  be  about  600  ft.  If  there 
is  no  RTZ,  this  figure  becomes  2H0  ft.  Since  a root-sum-square 
treatment  may  be  too  simplified,  all  that  can  be  said  is  that 
the  maximum  BLT  effects  (by  themselves)  can  increase  the  normal 
dispersion  component  by  approximately  30-80  percent  for  this 
specific  case. 

These  results  indicate  that  the  maximum  asymmetric  BLT 
dispersion  effects  appear  to  be  somewhat  smaller  than,  but  of 
the  same  order  as,  the  conventional  dispersion  effect?.  Thus, 
the  boundary  layer  transition  dispersion  cannot  be  ignored  at 
this  stage  of  our  knowledge.  Clearly,  an  Improved  theoretical 
and  experimental  data  base  is  needed  to  bound  the  phenomenon, 
particularly  as  it  is  affected  by  the  contributions  of  RV 
surface  roughening,  ablative  blowing,  shape  changes,  nose-tip 
design,  and  trajectory  parameters. 
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I.  INTRODUCTION 

Aside  from  problems  related  to  guidance  and  the  release 
mechanism  of  the  delivery  system,  the  accuracy  and  reliability 
of  a ballistic  reentry  vehicle  (RV)  is  a complex  and  interactive 
function  of  its  aerodynamic  and  thermal  environment  and  its 
overall  materials,  structural,  and  design  properties.  To  this 
must  be  added  manufacturing  and  assembly  reliability  as  it  af- 
fects the  offset  of  the  center  of  gravity  or  center  of  pres- 
sure, lack  of  uniformity  in  material  properties,  and  a number 
of  other  factors.  Even  Ignoring  hostile  defensive  actions 
(which  will  be  done  throughout  this  paper),  the  difficulties 
In  achieving  an  acceptably  small  circular  error  probability 
(CEP)  of  Impacting  a target  are  not  well  understood  in  a quan- 
titative manner. 

The  ultimate  factor  limiting  the  options  open  to  the  RV 
designer  is  the  availability  of  materials  for  the  nose  tip, 
the  heat  shield,  and  the  substructure.  These  limitations  thus 
dictate  the  military  operational  capabilities  regarding  the 
ballistic  coefficient,  the  reentry-velocity-angle  map,  etc., 
both  from  the  standpoint  of  whether  the  RV  will  actually  reach 
Impact  and  of  its  accuracy.  The  various  tradeoffs  between 
mission  requirements  and  the  materials/structures  (M/S)  tech- 
nologies available  or  under  study,  as  well  as  an  assessment  of 
the  scopes  and  efforts  of  the  M/S  Technology  Base  Programs  in 
support  of  reentry  vehicles,  will  be  the  subject  of  another 
report . 

Before  a meaningful  study  can  be  made  of  the  present  and 
contemplated  M/S  programs,  it  becomes  essential  to  first  analyze 
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the  various  factors  affecting  RV  impact  dispersion,  even  if  the 
basic  phenomena  are  not  well  understood.  This  points  out  the 
areas  where  future  R&D  are  most  required  on  the  basis  of  the  as- 
sumptions made.  It  will  also  focus  attention  on  the  critical 
assumptions  themselves,  which  require  better  resolution. 

It  is  Important  to  specifically  list  the  areas  that  are 
not  included  in  this  report.  These  are: 

• Burnthrough,  tumbling,  and  other  factors  that  could 
lead  to  premature  structural  breakup,  premature  fuzing, 
or  other  major  events  that  completely  abort  the  mission 

• Hostile  defensive  action 

• RV  maneuverability,  although  the  analysis  of  methodology 
could  contribute,  and 

• Erosion  due  to  rain,  snow,  ice,  or  dust  ^articles. 

Three  dispersion  effects  are  considered: 

• Uncertainties  in  wind,  density,  and  symmetric  drag, 
all  of  which  are  root-mean-squared  to  arrive  at  their 
CEP  contribution 

• Roll-trim  dyneimics,  including  roll-through-zero,  and 

• Boundary  layer  transition  effects. 

The  major  contribution  of  this  paper  is  to  develop  a simple 
physical  model  of  the  boundary  layer  transition  effects  on  the 
trajectory  and  calculate  quantitative  Impact  dispersion  contri- 
butions for  various  ballistic  coefficients  and  reentry  param- 
eters of  practical  Interest.  These  contributions  are  then  com- 
pared with  those  of  the  other  two  dispersion  effects  and  presented 
both  in  an  absolute  sense  and  a relative  sense.  The  significance 
of  these  findings  for  R&D  on  materials  and  structures  will  be 
considered  In  another  paper. 
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II.  BOUNDARY  LAYER  TRANSITION  DISPERSION  EFFECTS 


A.  BACKGROUND 

Recent  analyses  of  flight  data  (Ref.  1)  have  Indicated  that 
the  boundary  layer  transition  gives  asymmetric  aerodynamic  per- 
turbations with  a strong  Impact  on  the  flight  dynamics  of  reentry 
vehicles.  These  new  data  come  on  top  of  our  slowly  developing 
understanding  of  Interactions  between  severe  nose-shape  changes 
and  the  development  and  progression  of  the  transition  phenomenon 
on  the  tip  Itself.  In  addition,  the  development  of  advanced  tip 
and  frustrum  heat  protection  materials  recognizes  a strong  Inter- 
play between  Initiation  of  transition  by  the  ablative  (blowing, 
charring,  melting,  etc.)  and  local  roughness  characteristics  of 
the  material.  A desirable  material,  then,  should  allow  the  fol- 
lowing behaviors:  the  onset  of  transition  should  be  delayed  as 

long  as  possible,  the  transition  process  should  remain  repeatable 
and  produce  stable  nose  shapes,  and  the  roughness  of  the  ablat- 
ing material  should  be  minimal  to  keep  local  heating  augmenta- 
tion small. 

The  effects  of  boundary  layer  transition  on  the  accuracy  of 
the  ballistic  trajectory  are  of  Interest  here.  A simple  physi- 
cal picture  of  the  transition  process  Is  combined  with  reasonable 
approximations  of  the  trajectory  to  bound  the  target  dispersion 
due  to  transition  at  various  altitudes. 

Section  II. B develops  the  simple  physical  model  of  transi- 
tion used  subsequently.  The  approximate  equations  for  Impact 
dispersions  are  developed  In  Section  II. C In  two  parts.  One 
deals  with  the  symmetric  aspects  of  transition,  which  are  evi- 
denced by  an  effective  drag  Increment  over  a finite  Interva) 


above  and  below  the  nominal  altitude  of  transition.  The  other 
part  Is  due  to  the  aerodynamic  asymmetry  of  transition  remaining 
In  the  trajectory  plane  for  a small  but  finite  portion  of  the 
transition  period.  This  latter  part  of  Impact  dispersions  due 
to  transition-induced  asymmetries  Is  analogous  to  the  roll- 
through-zero  phenomenon  of  aerodynamic  and  mass  asymmetries 
together  with  the  coupling  of  angular  rates.  The  Implications 
of  the  results  on  reentry  vehicle  design  and  trajectory  shaping 
are  discussed  In  Section  II. D. 

B.  BOUNDARY  LAYER  TRANSITION 

Boundary  layer  transition  (BLT),  especially  on  hypersonic 
ablating  reentry  vehicles  (RVs),  has  been  a persistent,  practical 
and  theoretical  puzzler  (for  Instance,  Ref.  2).  The  occurrence 
Is  an  obvious  and  well-known  fact.  However,  the  complex  Inter- 
actions of  all  the  participating  and  Interacting  contributors 
still  limit  our  understanding  and  predictability  of  BLT  on  RVs 
to  the  art  of  empirical  correlation  Instead  of  advancing  to  a 
physically  consistent  model  with  broad  experimental  validations. 

Relating  BLT  to  impact  dispersions  requires  first  a descrip- 
tion of  the  physical  characteristics  we  ascribe  to  the  transition 
process.  Only  an  elementary  description  of  transition  Is  given 
here  to  set  the  stage  for  the  analyses  to  follow  and  to  Introduce 
transition-related  parameters. 

As  the  RV  descends  through  the  atmosphere  some  altitude  h^^ 
Is  reached  at  which  the  character  of  the  viscous  flow  In  the 
boundary  layer  around  the  body  begins  to  deviate  from  Its  lam- 
inar character.  Transition  to  a fully  turbulent  boundary  layer 
takes  place  over  a finite  altitude  Interval,  Ah^^.  The  transi- 
tion altitude  h.  , thus  defined,  corresponds  to  a Reynolds  number 

tr 

based  on  a body  length  (RSjj  “ pVx/u)  exceeding  a critical  value 
Re^j,.  The  transition  Interval  Ah^^,  corresponds  to  an  Increment 
ARetj,  defined  such  that  fully  turbulent  flow  Is  achieved  at 
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1 shows  a sketch  of  the  frictional  drag 
coefficient  versus  Reynolds  number.  The  dashed  lines  indicate 
representative  envelopes  of  possible  transition  curves.  Trans- 
ition may  depart  slowly  or  rapidly  from  its  laminar  state  and 
may  approach  the  fully  turbulent  siate  rapidly  or  slowly  in  a 
random,  unpredictable  manner.  The  onset,  and  completion, 

(htr  + Ah^^) , of  transition  are  equally  subject  to  uncertainties. 
This  will  be  taken  into  account  later  in  this  section. 


FIGURE  1.  Boundary  Layer  Transition  Terminology 


Once  the  transition  has  begun  (usually  at  the  base  of  the 
RV),  the  forward  edge  of  transition,  the  transition  front,  will 
move  in  a highly  unpredictable  manner.  The  front  can  move  fore 
and  aft  (a  local  relamlnarlzation)  or  it  can  move  around  the 
body  and  these  movements  can  be  at  various  rates  including,  for 
Instance,  a very  rapid  flashing  forward  all  the  way  to  the  nose 
region  or  around  the  body  in  a spiral  mode.  The  location  and 
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motion  of  the  transition  front  appear  to  be  affected  by  many 
interrelated  parameters j of  which  the  most  prominent  ones  are 
(at  least  according  to  our  current  naive  undei'standlng  of  the 
phenomenon):  angle  of  attack  (large  and  smallj  even  less  than 
one  degree  has  been  seen  to  be  effective  in  transition-front 
movement);  nose  radius  bluntness  ratio  through  its  entropy  gra- 
dient interaction  with  the  boundary  layer  (entropy  swallowing 
location);  initial  and  ablating  surface  roughness  distributions; 
ablative  blowing,  cross-hatching,  and  shape  changes;  pressure 
gradients;  temperature  ratios;  and  others. 

The  circumferential  distribution  of  the  transition  front 
has  received  the  least  attention  as  to  its  characteristics,  its 
forcing  parameters,  and  its  potential  angular  rate,  but  it  has 
the  greatest  impact  on  dispersion,  as  will  be  seen  later.  Fig- 
ure 2 shows  typical  static  circumferential  variations  of  transi- 
tion fronts  at  various  angles  of  attack  on  wind  tunnel  models 
of  ^-deg  and  8-deg  half-angle  cones  with  sharp  noses  (Refs.  3 
and  i^).  Note  that  even  at  a =»  0 (Fig.  2a)  there  are  transition 
tongues  at  • 30  and  60  deg  that  might  rotate  around  the  body 
in  response  to  a nonuniform  pressure  distribution. 

One  other  characteristic  of  the  transition  process  should 
be  kept  in  mind,  namely  its  fundamentally  random  character. 
Significant  temporal  and  spatial  vai’lations  about  the  mean  lo- 
cation of  the  transition  front  (or  any  other  transition-related 
parameter)  are  to  be  expected  and  no  single  "design"  value  can 
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be  used  to  describe  the  transition  effects.  Furthermore,  the 
statistical  characterization  of  transition  under  hypersonic  flow 
conditions  is  not  at  all  clear  in  view  of  the  many  Interacting 
parameters  that  can  atter  aate  or  amplify  the  perturbations  lead- 
ing to  transition. 

In  this  discussion,  the  onset  of  transition  has  been  asso- 
ciated with  a transition  altitude  h^^,.  Other  definitions  of 
this  transition  altitude  are  equally  valid,  such  as  when  turbu- 
lent flow  is  reached  or  at  some  intermediate  situation.  This 
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(b) 

FIGURE  2.  Typical  Circumferential  Location  of  Transition  for  Tmo  Sharp 
Cones  In  Wind  Tunnels 


is  not  terribly  Important  as  long  as  It  Is  recognized  that,  what- 
ever the  defining  convention  for  h-_  Is,  It  represents  only  a 
mean  value  h^^,  and  that  the  transition  phenomenon  could  occur 
anywhere  within  a statistically  meaningful  altitude  interval, 
say  h^^  ± loh^^. 

During  boundary  layer  transition,  the  reentry  body  experi- 
ences major  changes  in  aerodynamic  forces  and  moments  and  a sig- 
nificant increase  in  convective  heat  transfer.  The  skin  friction 
component  of  total  drag  increases  as  the  boundary  layer  changes 
from  laminar  to  turbulent.  Concurrently,  the  slope  of  the  edge 
of  tne  boundary  layer  increases,  thus  increasing  the  effective 
slope  of  the  body  (displacement-thickness  concept)  and  the  in- 
viscid  flow  acta  on  this  effective  body  flare  by  producing  a 
local  pressure  increment.  It  is  most  unlikely  that  this  pres- 
sure increment  is  completely  symmetric;  hence,  aerodynamic  asym- 
metry, a lift  and  moment  increment,  and  an  associated  trim  angle 
of  attack  will  result.  The  increasing  convective  heat  transfer 
increases  ablation  and  blowing,  which  in  turn  amplify  the 
strength  of  the  effective  flare  introduced  by  the  region  of 
boundary  layer  transition.  The  heat-transfer-induced  amplifi- 
cations of  aerodyna:r'lc  forces  and  moments  during  BLT  are  thus 
a strong  function  of  the  al/latlon  rate  of  the  heat  shield  ma- 
terial and  the  degree  of  severity  of  the  reentry  envlronme.nt 
defined  by  th  ; reentry  velocity  and  reentry  angle. 

The  effects  of  this  complex  and  poorly  understood  boundary 
layer  transition  process  or  clsperslon  will  be  treated  in  two 
parts.  One,  a synu.v9trlc  component,  takes  all  BLT  effects  that 
contribute  to  an  effective  increase  in  drag  coefficient  and 
treats  them  at  a lumped  percentage  change  in  total  drag  acting 
over  the  interval  (h^^,  ± over  which  BLT  can  take  place. 

Since  drag  changes  are  equivalent  to  density  changes,  the  dis- 
persion equations  of  Refs.  5 and  6 can  be  used  to  calculate 
this  dluperslon. 
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lor  the  other  part,  the  asymmetric  aerodynamic  moment  of 
the  rotating  transition  front  will  be  considered  for  the  worst 
case  when  Its  angular  motion  Is  such  that  this  moment  acts  for 
an  appreciable  time  In  an  Inertial  plane  (the  trajectory  plane), 
l.e.,  when  during  a roll  revolution  of  the  body,  the  aerodynamic 
asymmetries  are  not  canceled.  This  asymmetric  aerodynamic  con- 
tribution to  dlsper&lon  Is  then  treated  analogous  to  the  roll- 
through-zero  case  discussed  In  Section  5.^  of  Ref.  6.  It  must 
be  emphasized  that  this  Is  a critical  assumption  that  cannot  now 
be  established  a priori.  The  validity  is  by  Inference  from 
such  sources  as  the  flight-test  data.  Further  discussion  will 
follow  below. 


C.  IMPACT  DISPERSIONS  DUE  TO  BOUNDARY  LAYER  TRANSITION 

The  analysis  that  follows  assumes  the  'Altitude  of  transi- 
tion, h^j,,  to  be  the  independent  paramete:  . 

Symmetric  effects  of  boundary  layer  transition  at  h^^,  are 
lumped  Into  a drag  Increment  This  Increment  Is  dis- 

tributed linearly  over  an  altitude  loh^^,  above  and  below  h^^  to 
approximate  the  temporal  and  spatial  variabilities  of  the  trans- 
ition phenomenon.  Above  and  below  the  h^^  ± Idh^^  Interval,  the 
transition-induced  drag  Increment  vanishes. 

Aerodynamic  asymmetries  during  boundary  layer  transition 


at  h.^  are  treated  as  a mo.ment  increment  AC_ 


about  the  center 


of  gravity  acting  In  a plane  that  remains  space-fixed  for  a 
small  but  finite  portion  of  the  transition  Interval  Ah^^,.  This 
allows  treating  this  case  analogous  to  combining  aerodynamic 
and  geometric  asymmetries  with  a roll-through-zero  situation. 

1 . Symmetric  BIT  Effect  on  Dispersion 

The  approximate  equations  of  Ref.  5 are  used  for  rangewise 
In  -jact  dispersions  resulting  from  deviations  In  density.  The 
appropriate  equation  Is: 


'i  ■ 


tany, 


where 


^5-  '■p 


(iOD/Ojj)jj, 


scale  height  of  exponential  atmosphere  approxi- 
mation, ft 

reentry  velocity,  fps 
reentry  angle,  deg 

acceleration  of  gravity  at  sea  level  (SL) 
functions  of  a parameter  ■ - Pg^/BslnYE  tabu- 
lated in  Ref.  5*  B ■ ballistic  coefficient,  psf; 

■ 2116  psf  sea-level  density 
drag  increment  during  boundary  layer  transition  due 
to  all  symmetric  effects,  sketched  in  Fig.  3;  this 
figure  also  sketches  the  assumed  distribution  of 
the  ACjj/Cj^  variation  over  the  ±loh^j,  band  around 
the  nominal  altitude  of  transition  h^^,. 


FIGURE  3.  Drag  Increment  During  Boundary  Layer  Transition 
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Impact  dispersions  have  been  calcjlated  from  Eq.  1 for 
nominal  transition  altitudes  from  100  kft  to  20  kft,  with  a la 
value  of  6 percent  of  for  of  0.1  and  for  bal- 

listic coefficients  of  1000,  2000,  and  3000]  reentry  angles  of 
20,  30,  and  50  degj  and  reentry  velocities  of  16,000,  20,000, 
and  2^1,000  fps.  A scale  height  H of  22,000  ft  has  been  chosen 
to  make  the  exponential  atmosphere  model  the  30-  to  100-kft 
altitude  region. 

Figure  4 shows  the  results  as  versus  h^^,  for  the  tliree 
ballistic  coefficients  with  and  Vg  as  parameters. 

Except  for  the  6 « 1000  fps  at  20  deg,  the  dispersions  are 
about  100  ft  or  less  with  maxima  around  the  40,000-ft  level. 

As  expected,  the  dispersion  decreases  with  steepening  reentry 
angles  and  with  increasing  reentry  velocities. 

The  6g  « 20  deg,  8 ■ 1000  data  are  shown  by  faint  lines 
only  with  max  dispersions  around  1000  ft.  These  were  considered 
too  high,  as  the  acceptable  approximations  of  Eq.  1 are  signif- 
icantly exceeded  (Refs.  5 and  6). 

2 . Asymmetric  BIT  Effects  on  Dispersions 

Reference  6 develops  equations  for  the  effects  on  impact 
dispersions  of  aerodynamic  and  other  asymmetries  combined  with 
constant  and  time- varying  roll  rates.  The  apprcac;j  used  in 
Section  5.^.2  of  this  reference  for  the  special  case  of  roll- 
through-zero  is  applied  to  our  case  of  a BLT-induced  aerodynamic 
asymmetric  moment  of  a transient  nature  such  that  its  plane  of 
action  remains  fixed  in  the  trajectory  plane  for  a small,  finite 
time.  Figure  5 shows  the  situation  at  an  instant  when  the 
plane  of  the  transient  BLT  effect  lies  in  the  plane  of  the 
paper  and  is  evidenced  by  a lift  increment  acting  at  the 


A la  range  of  from  3 to  0 percent  of  h^j.  seems  indicated  by 
flight  data  with  multiple  transition  indicators  and  measur- 
ing instruments.  For  details  see  Ref.  7* 
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center  of*  pressure.  With  the  usual  simplifying  assumptions  of 
straight-line  undisturbed  flight  paths  (y  = Yg  * constant),  it 
follows  that  the  maximum  rangewise  effect  on  dispersion  is 

- , (2, 

^2  sin^Yg 

and  in  cross-range  direction 


sinYp 


sinYr 


Kj 


(a)  In  vertical  plane 


(b)  normal  to  vertical  plane 


FIGURE  5.  BLT-Induced  Effects  on  Trajectory 


The  incremental  change  in  path  angle  Ay  is  given  by 


Ay 


fl 


tr  completion  - 

Ydt  ~ « 


tr 


(iO 


'tr  onset 


The  time  interval  At^^  can  be  related  to  the  altitude  interval 


Ah 


tr  “ ^^tr  ^ 


E • 


(5) 


How<=‘ver,  only  a fraction  "a”  of  the  time  of  transition  is  assumed 
to  be  acting  in  a space-fixed  plane,  so  that 


At 


tr 


a 


V siny. 


(6) 


Neglecting  gravity  and  centrifugal  force  terms,  the  acceleration 
normal  to  the  path  can  be  written  as  V hence 


6y  _ ^^tr® 
It  ~ WV 


and  substituting  Eqs.  6 and  7 into  Eq.  4 gives 


Ay 


WV^slnvg 


a Ah 


tr  • 


(7) 


(8) 


The  incremental  lift  can  be  related  to  the  BLT-lnduced 

aerodyneunlc  moment  Increment  AC  and  other  basic  aerodynamic 


m 


tr 

and  geometric  characteristics  of  the  vehicle  (see  Fig.  6)  as 
follows : 
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tr 


“tr 


<°Na  - <=A> 


AC. 


pV^ 


P AX  2 
^Na  '~d 


(l  - ^ ^pV^S 

■ W~ 

where 

= the  axial  ( « drag)  force  coefficient 
*^Na  “ normal  force  coefficient  slope 
AX/L  = the  static  margin. 


FIGURE  6.  Geometric  and  Aerodynamic  Relations 


Combining  Eqs.  8 and  9 with  Eq.  2 gives 


(10) 


This  relation  can  be  rearranged  and  simplified  by  Introducing 
the  ballistic  coefficient  0 for  the  ^ term 


(11) 


and  approximating  the  density  by  an  exponential  approximation 


P 


(12) 


where 

H « scale  height 

■ extrapolated  sea-level  value  of  p corresponding  to 
value  of  H selected  for  best  match  of  p over  an 
altitude  region  of  interest.  In  subsequent  calcu- 
lations H = 22,000  to  favor  the  30-  to  100-kft 
region,  and  p'  ■ 0.00322  slug/ft^  (1962  standard 
atmosphere ) . 

In  addition,  the  altitude  Interval  of  transition  ^h^^  can 
be  approximated  as  a fraction  "b”  or  altitude  of  transition 
Itself,  or 


Ah 


tr 


(13) 


With  the  last  three  expressions,  then,  Eq.  10  for  the  Impact 

dispersion  (Sq  becomes 
”2 
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(14) 


-t  Is  noted  that  the  reentry  angle  Is  the  most  powerful 
parameter  as  lofting  (Increasing  Vg)  reduces  6j^  through  the 

■3  ^ 

sln-’vg  term.  The  reentry  angle  effect  in  this  case  is  greater 
by  a factor  l/cosVg  over  the  lumped  drag  Increment  case  of 

given  previously  in  Eq.  1.  Increases  in  3 and  static  margin  de- 
crease 6j^  only  linearly;  <Sp  is,  of  course,  directly  propor- 
tional to  the  magnitude  and  sense  of  the  asymmetric  aerodynamic 

perturbing  moment  AC  , and  the  fractions  a and  b correspond, 

™tr 

respectively,  to  the  fraction  of  transition  time  over  which 

AC  acts  in  a space-fixed  plane  and  to  the  fraction  of  transl- 
™tr 

tlon  altitude  devoted  to  the  transition  process.  Note  that  the 
reentry  velocity  has  disappeared  from  this  expression. 

Partial  differentiation  of  Eq.  l4  shows  that  if  h^^  is  the 

only  variable,  the  Impact  dispersion  is  maximum  at  h^^  ■ 2 H and 

approaches  zero  as  h^^,  -►  0 and  h^^,  -►  <»  (l.e. , greater  than  about 

200  kft).  Furthermore,  the  6d  curve  has  points  of  inflection, 

2 

at  h.„  ■ 3.414  H and  h.„  - 0.586  H.  Similarly,  large  betas 

(3  -►  oo)  and  very  steep  reentry  angles  (vg  90  deg)  minimize 
the  dispersion,  as  expected. 

The  analysis  so  far  has  assumed  that  the  plane  of  the  BLT- 

induced  aerodynamic  asymmetry  AC  acts  in  the  plane  of  the  tra- 

"*tr 

Jectory.  A reentry  vehicle,  rolling  about  its  longitudinal  axis 
with  a roll  rate  p,  experiences  this  particular  case  only  when 
the  circumferential  rate  of  rotation  of  the  BLT  asymmetry  is 
roughly  equal  to,  but  opposite  to,  the  roll  rate,  and  if  the 
onset  of  the  asymmetry  occurs  while  its  olane  of  action  is  nearly 


aligned  with  the  trajectory  plane.  Thus,  Eq.  14  for  6p  repre 

sents  the  worst  case  of  Impact  dispersion  due  to  . The 

^r 

more  general  case  Is  sketched  In  Fig.  7,  which  shows  the  base 
of  a rolling  reentry  vehicle,  for  simplicity,  descending  ver- 
tically (yp  " 90  deg),  with  a BLT  asymmetry  AC_  at  a (tlme- 
^ "'tr 

varying)  angle  relative  to  body-fixed  axis.  With  dt|;^j,/dt 

equal  and  opposite  to  the  roll  rate  p,  the  angle  e between  the 
asymmetry  and  the  trajectory  plane  remains  constant.  The  re- 
sultant up-  or  down-range  Impact  dispersion  Is  then 

= ±(<St3  cos  e - sin  e) 

^ ° (15 

sin  e + 6p^  cos  e) 
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FIGURE  7.  Trajectory-Asymmetry-Body  Axes  Relations 


Equations  1^1  and  3,  then,  represent  the  maximum  Impact  dis- 
persions only  for  e « 0 and  dt|»^^/dt  ■ -p.  For  e ■ constant  ^ 

0,  Eqs,  15  apply  and  for  the  most  general  case  when  e ■ e(t),  a 
time-varying  Impact  dispersion  can  be  obtained  from  these  equa- 
tions. Subsequent  analyses  will  concentrate  on  the  worst  case 
given  by  Eqs.  li»  and  3* 

Calculations  for  this  component  of  Impact  dispersion  have 
been  made  for  the  same  range  of  nominal  transition  altitudes  of 
from  150  to  10  kft;  ballistic  coefficients  of  800,  1000,  1500, 
2000,  2500,  and  3000;  and  reentry  angles  from  10  to  70  deg. 

For  slender  sphere-cones  the  aerodynamic  coefficient  term 
(1/C^  - 1/Cj^^)/(AX/L)(L/D)  reduces  to  roughly  100  for  a static 
margin  (AX/L)  of  3.5  percent,  50  for  7 percent  (AX/L)  and  25 
for  14  percent  (AX/L).  The  7 percent  static  margin  case  has 
been  calculated. 

Typical  valu)?s  of  the  incremental  moment  coefficient  can 

be  taken  from  Refs.  8,  9,  and  10.  The  flight-derived  data  of 

Ref.  8 indicate  a AC  ~ -0.0003  to  -0.002;  wind  tunnel  data 

’^tr 

from  Ref.  10  give  -0.001  to  -0.03,  and  from  Ref.  9,  -0.001  to 
-0.003.  This  large  spread  of  magnitude  Is  not  unexpected,  and 
will  be  one  of  the  major  uncertainties  for  some  time  to  come. 

A value  of  -0.001  has  been  used  in  the  calculations. 

The  transition  altitude  interval  seems  to  be  between  0.1 
and  0.2  of  h^^.  A value  of  b » (Ah^^/h^^.)  - 0.10  has  been 
chosen  for  the  sample  calculations.  It  Is  recognized  that  this 
may  be  too  low  a value  for  the  higher  altitude  regimes  of  tran- 
sition onset  and  for  heat  shields  that  are  rough  or  of  low- 
temperature  ablative  materials.  For  low  transition  altitudes, 
when  the  likelihood  of  rapid  flashing  forward  of  BLT  Is  high, 
the  fraction  b could  well  be  much  smaller  than  0.1.  The  frac- 
tion a has  been  chosen  as  a - 0.5,  corresponding  to  the  case  when 
the  asymmetric  BLT  moment  remains  In  the  down-range  plane  for 
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half  the  BLT  transition  period.*  For  example,  at  V ■ 20,000  fps, 
Yg  ■ 22  deg,  b ■ 0.1,  h^^,  ■ 100  kft,  Eq.  6 gives  At^^,  ■ 0.67  3ec 
for  the  BLT  period. 

Figures  8 and  9 show  the  results  for  this  asymmetric  BLT 

effect  on  Impact  dispersions.  For  values  of  AC  , (AX/L),  a, 
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b different  from  those  selected  for  these  calculations.  Table 
1 lists  the  scale  factors  to  be  applied  to  the  6^  values  of 
these  figures. 

Considering  the  range  of  the  aerodynamic  moment  Increments 

given  In  Refs.  6,  S»  and  10,  a AC  ■ 0.01  gives  ten  times 
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larger  than  given  in  Figs.  P and  9»  and  a AC  ■ 0.03 
^2  "‘tr 

would  give  30  times  larger  valves.  No  matter  what  alleviating 

values  for  a,  b,  and  static  ma.'gln  may  be  used,  these  6p  values 

^2 

are  very,  very  large  for  these  large  moment  increments,  even 

for  high  ballistic  coefficient  vehicles  at  steep  reentry  angles. 

Hence,  every  effort  must  be  made  to  keep  AC  as  small  as  pos- 
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■le.  Unfortunately,  we  have  neither  theoretical  guidance  nor 
a.  equate  empirical  data  as  to  what  design  parameters,  materials 
characteristics,  and  dynamic  effects  could  accomplish  this,  and 
how  ACjjj  might  vary  with  altitude.  Similarly  unknown  are  the 
desit  ;,^Saterials,  and  dynamic  Impacts  on  the  magnitudes  of 
par  '?ters  a auid  b and  their  dependence  on  altitude  so  that 
positive  steps  may  be  taken  to  keep  them  as  small  as  possible 
for  the  region  of  transition  altitude  to  be  expected. 


As  mentioned  previously,  this  is  an  assumption  that  cannot 
presently  be  supported  experimentally  or  theoretically.  It 
is  the  author's  judgment  of  a worst  case  based  on  the  further 
assumption  that  there  exists  a cause-effect  relation  between 
the  rotation  of  the  BLT  region,  the  RV  rotation  dynamics,  and 
the  properties  of  the  materials.  Clearly  these  are  critical 
assumptions  that  need  further  study. 


20 


J 


■ tv* 


TABLE  1.  SCALE  FACTORS  FOR  IMPACT  DISPERSIONS  GIVEN  IN  FIGURES 


PARAMETER 

SYMBOL 

MULTIPLY  6q  by 

Kg 

Aerodynamic  Moment  Increment  AC„ 

“tr 

*"tr 

OUT 

Static  Margin 

^ In  * 

7.0 

Transition  Interval  ^ 

Altitude  of  Transition  “ 

b 

D.10 

Fraction  of  AC^  In  Space-  a 

"*tr 

Fixed  Plane 

a 

Scale  Height  H 

H,  In  kft 

p- 

0 

-h^r/H 



0.00333  e 

0.  DISCUSSION 

Both  symmetric  and  asymmetric  effects  of  boundary  layer 
transition  maximize  Impact  dispersions  if  transition  occurs 
around  the  40-  to  50-kft  altitude  region.  Above  and  below  this 
altitude  region,  both  components  of  dispersion  decrease  toward 
zero  at  sea  level  and  at  very  high  altitudes.  Howe\er,  the 
symmetric  component  is  very  much  smaller  than  the  asymmetric 
one  and  is  of  a magnitude  generally  lnc3uded  in  traditional 
analyses  of  dispersions  due  to  uncertainties  in  drag  or  bal- 
listic coefficients.  Hence,  only  the  asymmetric  component  of 
the  dispersion  wij.1  be  discussed  in  detail. 
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The  analogy  to  the  roll-through^zero  problem  of  the  transi- 
tion-induced aerodynamic  asymmetries  and  their  Impact  dispersions 
has  been  noted  earlier.  The  results  of  Pigs.  8 and  9 indicate 
that  the  magnitude  of  the  dispersions  can  be  as  severe  as  In 
roll-through-zero  cases.  The  probability  of  occurrence  of  this 
worst  case  may  or  may  not  be  similar  to  the  roll-through-zero 
probability,  but  It  seems  prudent  to  Investigate  what  could  be 
done  to  keep  the  worst  dispersion  as  small  as  possible,  just  as 
it  Is  desirable  to  avoid  a roll-through-zero  condition  altogether. 
The  major  parameters  affecting  dispersion  are  discussed  in  order 
of  their  relative  importance,  namely,  reentry  angle  Yg»  asym- 
metric moment  coefficient  and  the  fraction  a of  the  tran- 

"‘tr 

sltlon  interval  when  its  plane  of  action  coincides  with  the 
trajectory  plane,  ballistic  coefficient  3,  static  margin,  and 
fraction  b of  nominal  transition  altitude  over  which  actual 
transition  takes  place. 

1 . Reentry  Angle  v^- 

The  reentry  angle  is  the  most  powerful  parameter  available, 

■3 

as  an  increase  in  Yg  reduces  impact  dispersion  as  1/sin ■^Yg> 
regardless  of  nominal  altitude  of  transition.  However,  steepen- 
ing the  reentry  path  increases  heating  rates,  shear  stresses, 
stagnation  pressures,  and  deceleration  loads.  Hence,  if  boost 
energy  is  available  for  lofting  the  trajectory,  the  maximum 
feasible  reentry  angle  may  be  set  more  by  the  limits  of  the 
heat  shield  and  tip  materials  to  absorb  the  more  severe  environ- 
ment in  a safe  and  shape-stable  manner  than  by  an  impact  dis- 
persion limit. 


2.  Asymmetric  Moment  Coefficient  and  Fraction  a 


These  are  by  far  the  moat  difficult  parameters  to  assess 
and  bound,  for  two  reasons.  First,  only  very  limited  data  have 
been  extracted  from  test  data  and,  second,  the  concept  of  a 
transition  front  rotating  around  a body  has  apparently  not  been 
studied.  There  are  three  specific  characteristics  of  one 
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needs  to  know,  namely  its  magnitude,  its  rate  of  circumferential 
rotation,  and  how  thnse  two  vary  with  altitude. 

The  aerodynamic  asymmetry  could  also  be  given  in  terms  of 
a BLT-related  trim  angle  of  attack  Aa,._  in  accordance  with 
Eq.  16. 


A Cm  - (AX/L)(L/d)  (16) 

tr 

For  a 7 percent  static  margin  slender  sphere-cone,  the 

corresponding  ACm  and  Aa^^.  values  are  roughly 

tr 
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0.0001 

0.001 

0.01 

''“tr 

0.015  deg 

0.15  deg 

1.5  deg 

As  to  the  magnitude,  the  wind  tunnel  and  flight  results  of 

Refs.  8,  9,  and  19  Indicate  several  orders  of  magnitude,  but  even 

within  each  set  of  data,  an  order  of  magnitude  or  more  can  be 

observed.  Even  with  an  order  of  magnitude  Increase  in  AC  ■ 

ra^r 

0.001  (used  in  Figs.  8 and  9),  the  resulting  worst-case  impact 
dispersions  seem  unacceptably  high.  Hence,  knowledge  of  the  mag- 
nitude, ability  to  predict  its  values,  and  ultimately  a capabil- 
ity to  minimize  its  magnitude  are  pressing  goals  for  this  tech- 
nology. 

Regarding  the  circumferential  rotation,  only  Ref.  8 has 

some  results,  but  not  in  a format  that  would  allow  assessing  the 

probability  of  the  plane  of  action  of  AC  remaining  in  the 
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trajectory  or  any  other  space-fixed  plane.  This  is  an  important 

aspect,  as  it  is  quite  possible  that  the  coincidence  of  the 

AC  plane  with  a space-fixed  plane  could  happen  more  than 
™tr 

once,  in  contrast  to  the  roll-through-zero  case  where  there  is 
only,  one  instant  (roll  rate  - 0)  when  any  trim  lift  is  not 
canceled  »ind  can  bend  the  trajectory.  The  data  reduction  and 
analysis  techniques  used  in  Ref.  8 could  probably  be  extended 


to  provide  the  angular  rates  of  rotation  of  the  LC  plane  for 
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properly  Instrumented  vehicles.  Only  after  a meaningful  set  of 

such  rotational  rate  data  has  been  assembled,  from  as  many  RVs 

as  possible,  can  one  determine  If  the  use  of  the  parameter  a<* 

Is  adequate  to  determine  the  fraction  of  the  transition  period 

during  which  the  AC  plane  remains  space-fixed. 

"*tr 

Finally,  the  variation  with  altitude  of  transition  of  both 

magnitude  and  plane  of  ac'  ion  of  AC  , and  space-fixed  period 
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for  fraction  a,  must  be  determined.  Altitude  regions  below 
25  kft  and  above  100  kft  are  of  Interest  as  they  avoid  the  dis- 
persion maxima  of  the  40-  to  50-kft  band. 

Even  If  one  were  able  to  choose  a transition  altitude  to 
mlnimiae  the  dispersions  discussed  here,  there  are  several  other 
performance  characteristics  affected  by  the  altitude  of  transi- 
tion, These  collateral  effects  are  pointed  out  In  paragraph  5 
below. 

It  1s  obvious  that  both  magnitude  and  orientation  of  AC  , 
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and  their  variation  with  altitude,  are  dependent  on  the  many 

interrelated  and  interacting  parameters  of  the  boundary  layer 

transition  process.  Thus  all  our  theoretical  and  empirical 

shortcomings  of  understanding  and  predicting  transition  directly 

affect  our  likelihood  of  bounding  AC  . An  empirical  correla- 
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tlve  approach  may  be  our  only  means  of  progress  for  some  time 
t:^  come. 

3.  Ballistic  Coefficient  and  Static  Margin 

Increasing  the  ballistic  coefficient  and  the  static  margin 
decrease  Impact  dispersion  proportionally.  Their  values,  how- 
ever, will  probably  be  set  by  other  design  and  performance  re- 
quirements. There  is,  of  course,  a possible  interplay  between 

the  static  margin  and  AC^  that  needs  to  be  watched  for  as  data 
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on  are  accumulated. 
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1 

Note  the  footnote  on  page  20. 
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This  parameter  should  also  be  dependent  on  the  complex  proc- 
ess of  transition.  Conceptually  one  would  expect  b to  be  larger 
at  higher  altitudes  than  at  lower  ones.  The  lower  Reynolds  num- 
bers at  higher  altitudes  give  rise  to  more  stable  boundary  layers 
that  can  resist  disturbances  tending  to  cause  turbulent  spots, 
especially  at  hypersonic  speeds.  Hence,  transition  should  take 
more  time  or  altitude  to  go  from  onset  to  completion.  Whether 
this  is  strong  enough  to  Increase  b at  high  altitudes  remains  to 
be  determined  from  a careful  analysis  of  test  data  from  appro- 
priately Instrumented  vehicles. 

5.  Collateral  Effects  of  Altitude  of  Transition 

It  has  been  pointed  out  that  a significant  reduction  of  the 
transition-related  Impact  dispersions  can  be  realized  If  the  ac- 
tual altitude  of  transition  is  as  far  as  possible  above  or  below 
the  ^0-  to  50-kft  altitude  region.  The  preponderance  of  transi- 
tion altitudes  occurring  above  50  kft  seems  to  have  led  many  to 
dismiss  the  possibility  of  low  altitudes  of  transition.  Fortu- 
nately, the  SAMAST  series  (Ref.  7)  of  flights  has  shown  that 
low  transition  altitudes  can  be  achieved  and  repeated.  The 
b^sic  reason  for  not  dismissing  the  low-altitude  option  is  that 
high  transition  altitudes  can  get  us  into  severe  problems  of 
survival,  dispersion,  and  wake  signature.  Specifically,  high 
altitudes  of  transition  lead  to  long  periods  of  turbulent  heat- 
ing. This  means  major  increases  in  heat  pulse,  tip  and  heat 
shield  recessions,  and  tip-shape  asymmetries  and  changes.  An 
extended  period  of  turbulent  boundary  layer  flow  Is  capable  of 
generating  large-scale  macroscale  roughness  that  locally  ampli- 
fies the  already  high  turbulent  heat  transfer  by  factors  from 
2 to  thereby  enhancing  rapid  shape  changes  and  local  asym- 
metries. Furthermore,  the  electromagnetic  characteristics  of 
the  wake  from  a reentry  vehicle  with  fully  turbulent  flow  be- 
ginning at  higher  altitudes  cause  a significant  Increase  and 
change  In  radar  signature.  Hence,  If  It  were  feasible  to  raise 


the  altitude  of  transition  significantly  to  keep  the  BLT-induced 
dispersions  small,  one  would  have  to  trade  this  gain  against  the 
penalties  on  survival,  dispersion,  and  penetrability  caused  by 
the  extended  period  of  turbulent  flow  conditions. 

Beside  the  above  considerations  of  RV  performance,  there 
is  a fundamental  question  of  fluid  mechanics  as  to  how  high 
one  could  ralne  the  altltuae  of  transition  under  hypersonic, 
low  Reynolds  number  conditions  or  to  how  low  an  altitude  one  could 
maintain  laminar  flow  (below  what  SAMAST  vehicles  have  achieved). 
The  current  state  of  basic  knowledge  of  the  transition  phenom- 
enon under  these  conditions  does  not  appear  adequate  to  tell  us 
today  how  to  do  either  except  by  extensive  experimentation.  A 
systematic  theoretical  and  experimental  research  effort  would  be 
helpful  to  develop  an  understanding  and  guidance  for  fiture 
choices  of  optimum  altitudes  of  transition. 


One  can  conclude  this  discussion  by  noting  that  all  param- 
eters (except  reentry  angle,  ballistic  coefficient,  and  static 
margin)  that  affect  Impact  dispersions  due  to  asymmetric  boundary 
layer  transition  effects  are  directly  related  to  the  phenomenon 
and  the  uncertainties  of  the  transition  process  itself.  The 
topic  of  asymmetric  effects  must,  th  refore,  be  added  to  our 
current  efforts  of  understanding  tip-shape  changes,  material 
properties,  and  ablative  performance  in  the  context  of  the 
boundary  layer  transition  phenomenon.  This  will  Involve  mostly 
empirical  correlations  of  carefully  selected  and  prof'essed  test 
data,  but  should  be  supplemented  by  a concurrent  analytic  theo- 
retical attack  on  the  question  of  what  might  be  the  basic  forcing 
functions  for  the  circumferential  motion  of  an  asymmetric  transi- 
tion front.  Without  such  effort  we  will  not  know  how  to  keep 
this  dispersion  component  under  control  except  through  trajec- 
tory shaping  and  we  will  be  at  the  mercy  of  the  statistics  of 
occurrence  and  severity  of  the  asymmetric  effects. 
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III.  IMPACT  DISPERSION  ESTIMATES 


A.  BACKGROUND  I 

This  section  collects  representative  values  for  various  con- 
tributors to  ballistic  reentry  vehicle  dispersions  so  that  thr 
relative  Importance  of  each  component  may  be  assessed.  Only  RV 
related  dispersions  are  considered  over  a range  of  reentry  angles 
from  20  to  60  deg,  reentry  velocities  from  16,000  fps  to  24,000 
fps,  and  for  ballistic  coe'“'iclents  from  1000  to  3000  psf. 

Readily  available  results  or  simple  approximate  equations  were 
used  In  this  relative  quantitative  assessment.  Three  dispersion 
components  are  considered.  The  first  Is  the  conventional  cne 
that  includes  wind,  density,  and  symmetric  drag  uncertainties. 

Second,  a component  due  to  roll-trim  dynamics  Including  roll- 
through-zero  is  treated.  Boundary  layer  transition  effects  on 
dispersions,  the  third  component,  are  taken  from  Section  II.  A 
separate  section  Is  devoted  to  each  component,  describing  the 
assumptions  made  and  presenting  the  results  In  graphical  format. 

Finally,  the  magnitude  of  the  components  that  are  poorly  under- 
stood today  is  referenced  to  the  conventional  component,  which 
is  pretty  well  understood  In  cause  and  magnitude.  This  relative 
comparison  highlights  the  complex  Interacting  effects  of  ballis- 
tic coefficient,  reentry  angle,  and  velocity.  As  neither  the 
magnitudes  nor  the  proper  statistical  treatment  of  the  non- 
oonventlonal  components  Is  known  to  any  degree  of  engineering 
adequacy,  their  rat,los  to  the  well-known  component  will  Indi- 


B.  CONVENTIONAL  DISPERSION  COMPONENTS 


The  effects  of  wind,  density,  and  drag  variations  during  re- 
entry are  generally  considered  as  conventional  dispersion  con- 
tributors. Included  in  the  drag  variation  are  the  combined 
effects  during  reentry  of  symmetrical  nose-shape  changes,  of 
Mach  number  changes  from  free  molecule  to  continuum  flow  regimes, 
of  weight  changes,  of  trim  angles  of  attack,  as  well  as  of  the 
initial  angle  of  attack  at  reentry.  A 3 percent  total,  sym- 
metrical, drag  coefficient  uncertainty  is  a reasonable  bound  for 
an  RV  which  has  been  through  a full  R&D,  DASO  and  OT  sequence 
of  instrumented  test  phases.  Reference  5 gives  approximate 
results  for  rangewlse  dispersions  for  a 10  percent  drag  devia- 
tion. These  results  have  been  scaled  down  to  the  3 percent 
(ACp/Cjj)  values  assumed  for  our  ca?  ■.:latlons. 

Wind  and  density  contributions  have  been  taken  from  Ref. 

11,  which  calculated  these  terms  from  2a  deviations  from  the 
January  mean  profile  of  60  deg  N latitude. 

It  is  recognized  that  we  have  today  the  capability  of  work- 
ing with  weekly  if  not  ^aily  weather  statistics  throughout  the 
year  over  specific  geographic  sectors.  Such  a modern  statistical 
data  base  of  shorter  spans  would  be  likely  to  lower  the  disper- 
sion contributions  based  on  a January  monthly  base.  However,  no 
readily  available  dispersion  data  of  such  finer  statistical  mesh 
were  available,  hence  the  results  of  Ref.  11  have  been  used 
without  modifications. 

The  dispersion  contributions  from  3 percent  drag  and  2a 
deviations  from  a January  mean  in  wind  and  density  have  been 
root-sum-squared  (RSSd)  to  arrive  at  a single  conventional  range- 
wise  impact  dispersion  as  a function  of  reentry  angle  and 
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ballistic  coefficient.  The  results  are  shown  in  Pig.  10  for 
three  ballistic  coefficients  at  a reentry  velocity  of  20,000  fps. 
The  modest  effects  of  other  reentry  velocities,  namely  16,000 
and  2i|,000  fps,  are  indicated  as  well  as  the  proportionate 
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FIGURE  10.  Rangewlse  Dispersions  Due  to  RSSd  Wind-Density  and  Drag 
Contributions  Versus  Yc  Three  8s  at  V-  ■ 20  kfps 


contributions  of  density  (p),  wind  (w),  and  3 percent  drag.  As 
attention  in  this  analysis  is  focused  on  the  larger,  rangewise 
component  of  dispersion,  the  cross-range  contributions  of  a 
crosswind  and  an  Initial  angle  of  attack  dynamic  effect  are  not 
estimated. 

C.  ROLL-DYNAMICS  DISPERSION  COMPONENTS 

Asymmetric  shape  changes  during  reentry,  especially  on  the 
nose  tip,  lead  to  trim  angles  of  attack  which,  when  combined 
with  center  of  gravity  offsets  and/or  mass  asymmetries,  lead  to 
roll-dynamics  effects  contributing  to  dispersion  components  in 
both  rangewise  and  cross-range  directions. 


Under  certain  conditions  the  roll  rate  may  change  so  that 
it  becomes  nearly  the  same  as  the  aerodynamic  pitch-yaw  frequency. 
This  representes  the  ''lock-in'*  or  roll  reasonance  case,  which 
amplifies  the  angle  of  attack  and  leads  to  some  dispersion. 

Most  severe,  however,  is  the  case  when  aerodynamic  roll  torque 
and/or  trlm-center-of-gravity  offset  conditions  are  such  as  to 
cause  the  roll  rate  of  the  vehicle  to  go  through  zero.  In  this 
roll-through-zero  (RTZ)  case  the  trim  lift  is  not  canceled  as 
the  RV  stops  rolling  a small  but  finite  instant  causing  the 
trajectory  to  bend,  which  propagates  into  an  Impact  dispersion 
of  extreme  magnitude. 


Reference  6 discusses  the  roll  dynamics,  both  the  roll 
reasonance  and  the  roll-through-zero  case,  in  great  detail  and 
derives  approximate  equations  for  the  magnitudes  of  these  dis- 
persion contributions.  For  our  purposes,  the  following  conclu- 
sions are  significant: 

• Impact  from  roll  dynamics  can  be  anywhere  on  an  ellipse 
with  its  semi-major  axis  along  the  trajectory  and  having 
a magnitude  between  zero  and  the  maximum  calculated  as 
the  worst  cuse. 
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• The  ratio  of  minor  to  major  axis  of  the  impact  ellipse 
is  |sinYg|. 

• The  usual  assumptions  of  combining  dispersion  components 
as  independent,  normally  distributed  ones  are  not  gener- 
ally appropriate  to  the  roll-dynamics  cases. 

For  the  roll-through-zero  case,  one  must  determine  the 
probability  of  encountering  or  exceeding  a given  value 
of  the  rangewlse  alspersion  for  given  trim  angles  of 
attack;  this  combines  the  probability  of  encountering 
zero  roll  rate  with  the  probability  of  encountering  a 
given  magnitude  of  dispersion  for  the  semi -major  axis, 


Dispersions  from  simple  roll  resonance  are  at  least  an 
order  of  magnitude  smaller  than  those  from  roll-through- 
zero. 

In  view  of  the  last  conclusion,  only  the  roll-through- 
zero  case  will  be  analyzed.  The  maximum  or  worst  case 
rangewlse  dispersion  is  calculated  from  the  equation  in 
Ref,  6 in  the  following  form: 


J=(V5:r;?; 


(17) 


where 

1.49 


E 


dimensionless  constant 

normal  force  coefficient  slope 

axial  (-drag)  force  coefficient 

sea-level  pressure  (2116  psf) 

scale  height  for  exponential  atmosphere,  ft 

initial  roll  rate  at  reentry,  rad/sec 

reentry  velocity  (ft/sec)  and  angle  (deg) 

(ft),  function  of  altitude  of  roll-through- 

zero,  atmosphere,  ballistic  coefficient,  and 

reentry  angle  (see  Pig.  5.3  of  Ref.  6) 

trim  angle  due  to  asymmetries,  radians 


- ^ 


Values  of 


have  been  calculated  from  this  equation  for 


•^RTZ 

zero-roll-rate  altitudes  of  about  25  kft  (where  E is  a maximum 
for  the  Bs  and  YgS  of  Interest)  and  at  100  kft.  For  the  remain- 
ing parameters  the  following  values  were  used: 


- 


SL 


1) 

TIT 


0.1  deg 
10  rad/sec 
20 

0.3  (or  H - 22  kft) 

16,  20,  24  kfps 

20,  30,  40,  50,  60  deg 

1000,  2000,  300  psf. 


The  results  are  summarized  in  Pig.  11  showing  maximum 

”rtz 

versus  the  reentry  angle  for  the  three  ballistic  coefficients. 

The  maximum  dispersions  occur  when  the  roll  rate  goes  through 
zero  near  25  kft.  For  zero  roll  at  100  kft  or  at  less  than  5 
kft  (because  of  the  behavior  of  function  E),  the  dispersions 
are  signifi^. antly  less  and  are  also  shown  in  Fig.  11.  The  ef- 
fect of  c'  -.^ging  r'*entry  velocity  from  20  to  16  or  24  kfps  is 
lndicat-;.d  on  the  « 2000  curve. 

The  actual  rangewise  dispersions  for  this  component  can 
then  be  any  value  between  zero  and  the  maxima  shown,  depending  on 
the  probability  of  encountering  or  exceeding  this  particular 
value  at  a trim  angle  of  ■ 0.1  deg.  For  other  trim  values, 
or  initial  roll  rate  Pg  other  than  10  rad/sec,  Eq.  17  indicates 
how  the  results  c«.-.  be  h 'ed. 


From  the  magnitude  of  the  rangewise  dispersion,  and  remember- 
ing that  the  cross-range  dispersion  1s  slnYg  times  6^  , it  is 

RTZ 

clear  that  every  effort  h to  be  made  to  prevent  roll-through- 
zero  from  occurring. 

Since  it  appears,  from  the  results  of  Ref.  6,  that  the  roll 
resonance  situation  gives  dispersions  at  least  an  order  of  mag- 
nitude lower  than  those  calculated  for  roll- through- zero,  it  is 
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FIGURE  11.  Maximum  RangcMlse  Olsparslon  Due  to  Roll -Through* Zero  at 
Several  Altitudes  Versus  for  Three  Bs  at  Vp  ■ 20  kfps 


clear  that  aerodynamic  asymmetries  must  show  at  least  one  or 
more  degrees  trim  under  lock-in  conditions  in  order  to  cause 
comparable  dispersions. 


D.  BOUNDARY  LAYER  TRANSITION  DISPERSION  COMPONENTS 

The  dispersion  components  due  to  boundary  layer  transition 
effects  were  discussed  in  detail  in  the  preceding  Section  II. 
The  results  of  the  approximations  derived  therein  are  taken 
directly  from  Pig.  for  the  symmetric  component  and  from 
Pigs.  8 and  9 for  the  asymmetric  one.  They  are  presented  as 
maximum  rangewlse  dispersions  6p  versus  reentry  angle  for 

"blt 

three  ballistic  coefficients  for  transition  altitudes  of  around 
kft  (where  6p  is  maximum)  and  at  100  kft  (and  15  kft  or 

"blt 

less  where  6p  equals  the  value  at  h^„  = 100  kft).  Both  the 
Hblt 

symmetric  component  6^  for  Vg  ■ 20  kfps  and  the  much  larger 

asymmetric  one,  6p  , are  shown  in  Fig.  12. 

It  might  be  well  to  recap  the  values  of  the  input  param- 
eters used  in  Section  II  for  the  two  BLT  dispersion  components. 

The  symmetrical  component  6p  was  calculated  from  Eq.  1,  with 

”l 

(ACjj/Cjj)^^  ■ 0.1  as  the  altitude  of  a triangular  distribution 
over  a transition  interval  of  (Ah^^/h^^  ) = 0.06.  The  asym- 
metrical component  6p  assumed  a static  margin  (AX/L)  ■ 0.07, 

”2 

ACm  ■ 0.001  (equivalent  to  Aa^^  “ 0.15  deg),  (Ah^^/h^^)  * 0.1 
t r 

and  (AC  - space- flxed/AC  ) ■ 0.5.  Equation  1^  was  used  to 

'"tr  ^‘tr 

calculate  the  results  shown  and  must  be  consulted  to  scale  the 
Pig.  12  results  for  6p  to  input  values  different  than  those 
above. 

The  statistical  character  of  the  symmetric  component  is 
such  that  it  could  well  be  Included  as  an  additional  contribu- 
tor to  the  conventional  dispersion  by  root-sum-squaring.  In 
that  case,  due  to  its  modest  magnitude  compared  to  wind  and 
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density  contributors,  It  would  hardly  affect  the  magnitude  of 
the  conventional  dispersion  shown  In  Pig.  10.  The  symmetrical 
BLT  dispersion  component  has  therefore  been  neglected  In  sub- 
sequent calculations  and  comparisons. 

As  to  the  asymmetrical  component,  , Its  maximum  range- 

wise  dispersion  values  are  not  at  all  negligible  but  at  least 
not  as  severe  as  the  RTZ  dispersions.  Because  of  the  elliptical 
Impact  pattern,  the  ratio  of  cross-range  to  rangewlse  dispersion 
Is  IslnVgl,  Just  as  In  the  RTZ  case.  In  addition,  their  sta- 
tistical combination  with  all  other  components  must  be  treated 

similarly  to  the  probability  treatment  for  6p  discussed  In 

"RTZ 

the  preceding  section.  In  this  case,  then,  the  probability  of 
encountering  or  exceeding  a given  value  of  6_  between  zero 

”blt 

and  the  maxima  shown  In  Pig.  12  must  be  determined,  including 
the  probability  of  encountering  one  or  more  Instances  of  the 
BLT  asymmetry  hanging  up  in  the  trajectory  plane  (In  the  RTZ 
case,  zero  roll  can  occur  only  once)  combined  with  the  proba- 
bility of  these  given  dispersion  magnitudes  coinciding  with 
the  semi-major  axis  (the  trajectory)  plane. 

Comparing  the  magnitudes  of  the  asymmetric  BLT  dispersion 
components  with  the  previous  two,  one  must  keep  In  mind  that 


the  asymmetric  forcing  moment  of  AC 


0.001  can  be  different 


by  one  or  more  orders  of  magnitude  and  that  the  period  of  space- 
fixed  direction  may  also  be  different  from  the  a ■ 0.5  assump- 
tion. We  simply  do  not  have  enough  of  a data  base  on  this 
phenomenon  to  be  more  specific. 

E.  COMBINED  DISPERSIONS 

The  three  dispersion  components  calculated  in  preceding 
sections  have  been  added  together  in  Pig.  13  to  show  the  trends 
of  total  range  dispersions  against  reentry  angle  for  the  three 
ballistic  coefficients  at  20,000  fps  reentry  velocity. 
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This  figure  gives  the  sum  of  conventional  + maximum  asym- 
metric BLT  + maximum  RTZ  components  or  (6p  ). 

"rss  "blt  ^RTZ 

Both  BLT  and  RTZ  components  represent  only  the  maximum  value; 
the  actual  value  must  be  determined  from  the  specific  probability 
considerations  applying  in  individual  cases.  In  addition*  the 
combination  of  the  conventional  with  the  probabilistic 

6p  and  6p  must  be  done  in  a .statistically  consistent  and 
‘^BLT  ”rTZ 

meaningful  manner,  which  cannot  be  done  in  this  broad  trend 
study . 


Estimates  of  total  rangewlse  dispersions  for  a reentry  ve- 
hicle using  Pig.  13  should  recognize  that  both  BLT  and  RTZ  dis- 
persion components  can  have  any  value  within  each  respective 
band  shown  which  may  then  be  combined  statistically  (RSSd,  for 
example)  with  the  conventional  component  of  dispersion. 

As  to  the  total  cross-range  dispersion,  it  includes  the 
cross-wind  component  of  the  wind  dispersion  and  the  BLT  and  RTZ 
erosion  components,  each  multiplied  by  ainyg. 


F.  DISPERSION  RATIOS  RELATIVE  TO  THE  CONVENTIONAL  DISPERSION 

The  magnitudes  and  trends  of  the  dispersion  components 
analyzed  depend  on  the  following  basic  parameters:  ballistic 

coefficient  6,  reentry  angle  Yg  and  velocity  Vg,  altitude  of 
transition  and  altitude  of  roll-through-zero  (or  roll 

resonance)  hj^^2*  Interaction  between  these  parameters  and 

6p  and  6p  becomes  evident  when  these  dispersion  components 

”blt  ”rtz 

are  referenced  to  the  conventional  dispersion  component. 

1 . Boundary  Laver  Transition  Component 

For  the  boundary  layer  transition  component.  Pigs.  14  and 
15  show  the  ratios  of  6p  /6p  plotted  against  S and  Yr» 

"blt  "rss 

respectively,  with  Yg  and  Vg  as  parameters.  Boundary  layer 
transition  altitudes  of  around  45  kft  (giving  maximum  6p  ) and 

"blt 

at  100  kft  (and  15  kft  and  less)  are  shown  on  these  figures. 
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Figure  shows  this  ratio  to  increase  with  increasing  3, 

but  there  are  ranges  of  ballistic  coefficients  over  which  it  is 

essentially  Independent  of  reentry  angle.  At  Vg  •»  20  kfps , for 

Instance,  the  maximum  (6^  ) around  3 1900  psf  is  about 

BLT  "rsS 

0.72  for  all  reentry  angles  between  20  and  60  deg.  At  B “ 1000, 

however,  this  ratio  is  0.65  for  60  deg,  0.25  for  20  deg,  while 

at  3 “ 3000  the  Yt?  trends  reverse,  giving  (6p  /6p  ) » 0.6 

^ ^BLT  ”rSS 

for  60  deg  and  1.15  for  20  deg.  Similar  effects  are  evident 

throughout  the  range  of  parameters  shown  in  Pig.  14. 

Figure  15  indicates  that  this  dispersion  ratio  is  fairly 
constant  with  reentry  angle  except  for  3 = 1000  and  3000,  while 
the  effect  of  reentry  velocity  is  very  regu"’.ar. 

For  the  parameters  Investigated,  the  (6p  /6„  ) ratios 

"BLT  ^RSS 

for  transition  at  100  kft  or  15  kft  and  below  run  from  around 
0.1  to  0.5,  while  for  hg^^  45  kft  these  ratios  bound  0.5  to 
1.0. 

2.  Roll-Through-Zero  Component 

Similarly,  the  values  of  divided  by  are  shown 

”rtz  "rss 

versus  3 in  Pig.  16  and  versus  Yg  in  Fig.  17  for  the  same  range 
of  parameters.  In  this  case,  only  the  roll-through-zero  altitude 
of  about  25  kft  is  shown,  where  becomes  maximum.  In  this 

“rtz 

case,  the  reentry  angle  shows  a much  more  regular  effect  on  this 
ratio  except  for  some  crossing  of  the  20-  and  40-deg  curves  at 
very  high  betas  (see  Pig.  l6),  while  the  increase  with  increasing 
3 is  steeper  than  In  the  preceding  case.  However,  the  magnitude 
of  the  roll-thrcugh-zero  dispersion  ratios  ranges  from  2 to  6, 
confirming  the  need  to  prevent  roll-through-zero  from  occurring. 

Assuming  that  roll-through-zero  has  been  eliminated,  one  may 
still  experience  roll  resonance.  In  which  case  the  dispersion 
ratios  of  Pigs.  l6  and  17  might  be  an  order  of  magnitude  lower, 
say  from  0.2  to  0.6.  Such  magnitudes  are  comparable  to  the 
boundary  layer  transition  ratios. 
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